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ABSTRACT
Archaeological and historical research combined with material science help to
understand the development of building material and construction technology of the
Middle Ages. The natural sciences, especially mortar characterisation and scientific
dating have allowed new insights into mechanical mortar mixing which has been
introduced and used mainly in the early medieval period between AD 500 and 1000.
This paper combines the results of the pan-European archaeological research project
RESTOMO with that of the interdisciplinary SNF-project “Mortar technology and
construction history” at the UNESCO-world heritage site of Müstair monastery. Müstair
so far is the only site with six mortar mixers from two periods. The comparison of the
mortar samples from the mixers with samples from the building remains has proven to
be challenging and partly contradicts the previous correlation of mortar mixers with
archaeologically established building phases.
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Introduction
Between AD 500 and 1000, the re-establishing of
stone architecture in Europe can be seen as a process
of “petrification” of sacred architecture, combined
with a restructuring of territorial and social powers.
Increasingly since the seventh century, travelling
craftsmen seem to have played a role in this material
and technological transformation. One of the most
interesting phenomena is the temporally and geo-
graphically restricted introduction of mechanical
devices for mortar mixing. To explore this has been
the aim of the Europe-wide archaeological research
project RESTOMO conducted by Sophie Hueglin
while based at Newcastle University from 2014 to
2016 (Hueglin 2011; Hueglin 2017).1 Regarding the
use of machines at medieval building sites it has
become clear that it is more correct to speak about
technological transformation processes than about a
transfer of technology. This also avoids the still wide-
spread simplistic culture conquest and progress para-
digm connected with innovation and replaces it with
an embedded environmental approach of sites, sys-
tems, and society. Many disciplines from the huma-
nities and natural sciences have to work together to
better understand the different factors involved in
the choice to use specific materials and technologies
on a building site.
The current interdisciplinary SNF-project “Mortar
production and construction history at Müstair mon-
astery”2 in Switzerland is addressing – among others
– the question of the specific uses of these mechanical
mortar mixing devices. At the UNESCO-World
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Heritage site in the Swiss Alps remains of six mortar
mixers have been excavated (Boschetti-Maradi
2005).3 Additionally, more than 5000 mortar samples
have been recovered during different interventions dat-
ing between ca. AD 770 and AD 1800. About 300 of
them have been selected for scientific material charac-
terisation; to date, about half of them has been studied
petrographically.
Müstair lies on the route of the Roman road Via
Claudia Augustawhich connected the Italian peninsula
with the Roman territories north of the Alps. In the
early medieval period, Müstair and the adjacent Val
Venosta/Vinschgau Valley (Italy) were part of Raetia
Curiensis, a region that acted as a bridge between the
areas south and north of the Alps. Müstair monastery
is positioned at the intersection of different spheres:
the Lombard Kingdom to the south, the Duchy of
Bavaria to the northeast, and the Frankish Kingdom
towards the northwest (Figure 1) (Goll 2007). There-
fore, it is ideally suited to act as a case study to tell
not only about materials and methods but also about
the movements and motivations of builders and
patrons in the medieval period. It will also serve as
an example to demonstrate the substantial changes
that architecture, landscape, and society underwent
during that period (Hueglin/Cassitti 2020).
1. Archaeological and historical data
1.1. Excavating medieval building sites
When excavating the vicinity of medieval churches and
castles often traces of building activities are discovered.
Layers of sand and lime tell for example about the
materials and technologies that were used to produce
mortar. It took until the 1970ies for archaeologists to
understand that the large round mortar discs they
found repeatedly in early medieval contexts were
from mechanical devices. These mortar mixers con-
sisted of a round pit with a central pole (Figure 2).
The pole acted as a pivot for a rake which would be
turned in a circle – by man or animal. The paddles
on the rake were long enough to reach down into the
pit and would mix sand, lime, and water. These paddles
Figure 1. The territory of Raetia Curiensis, the political situation
and the main routes of travel in the late 8th century AD (Illus-
tration: Bureau Sennhauser, Zurzach, with modifications by
P. Cassitti).
Figure 2. Basel, Cathedral Hill, Switzerland, hypothetical reconstruction of the mortar mixer (Illustration: ADBS H. Colombi). Such
devices could also have been driven by oxen instead of humans. The framework with the four posts projecting beyond the device
has been added for stability while no traces of it have been found.
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leave characteristic concentrically shaped indentations
on the surface of the mortar which usually survives as
an archaeological feature (Figure 3). In well preserved
and documented cases – as for example, in the one
from Basel, Cathedral Hill (Hueglin 2019) – these
remains can provide a lot of detailed information
about the mechanism.
While there is plenty of archaeological evidence
from all over Europe – we know more than 80 mixers
from almost 50 sites (Figure 4; Hueglin 2011, 2019),
there are – apart from modern reconstructions – no
depictions of this apparatus from the medieval period.
This is not because there are no depictions of building
sites or mortar preparation – there are many – but
mortar preparation is always shown as manual labour
done with the help of a shovel or spade (Figure 5).
In most cases remains of mortar mixers do not turn
up in central places and regions with a long-standing
tradition of stone building, but rather on sites and at
times when stone as a construction material is being
(re-)introduced. Mechanical mortar mixing seems to
be a technology connected to this pioneer phase (Hue-
glin 2017). With regard to this, the monastery of Müs-
tair is partly an exception, since in the Val Venosta/
Vinschgau region stone and mortar construction
seems to have persisted from the Roman into the med-
ieval era. This is indicated by a number of churches
excavated in the region where predecessors from
stone dated to the 5th/6th century AD have been
found. Examples for these would be St. Stephan in Bur-
geis (Reuß 2016), or St Georg in Corces/Kortsch
(Nothdurfter 2003, Cat. C17 and C22).4
1.2. Mobile craftsmen and technology
transformation
Written sources attest the mobility of persons involved
in the construction of monasteries and churches across
hundreds of kilometres, from Gaul to Britain, from
Aquisgrana (Aachen, Germany) to Reims (France),
from Salzburg (Austria) to Pannonia5 (Beghelli 2014).
For seventh century Italy, the Edictus Rothari, a Lom-
bard law text (Leges Langbardorum 1996) makes men-
tion of the Comacine masters, a well-known group of
extremely mobile master builders. The text essentially
lists prices for specific building tasks. It mentions
“machina”, a term which could mean cranes, scaffold-
ing and/or mortar mixers at the same time (Lomartire
2008; Hueglin 2011, 201–203).
Regarding the distribution and earliest evidence of
mechanical mortar mixers, we must turn to Northum-
bria in the northeast of today England and southeast of
Scotland: as early as around AD 680, the English monk
Bede in his accounts of the Abbots of Wearmouth and
Jarrow mentions “cementarios” meaning masons
which work with stone and mortar.6 He writes that
these expert builders were called by Abbot Benedict
Biscop (c. 628-690) – who has travelled about seven
times to Rome and back. These specialists were
recruited – as Bede tells us – from “Francia”, that is
from Continental Europe, to build the first churches
in the “Roman-style” in the Anglo-Saxon kingdom of
Northumbria (Beda and King 2006–2011). In fact,
excavations by Rosemary Cramp at the double monas-
tery of Monkwearmouth and Jarrow have yielded two
Figure 3. Basel, Cathedral Hill, Switzerland; remains of hardened mortar at the bottom of the mortar mixer with the posthole in the
middle in excavation Martinsgasse 6 + 8 (2004/1) (Photo: ADBS Chr. Stegmüller).
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mortar mixers at Monkwearmouth St Peter church
(Cramp 2005, Vol. 1, pp. 93–94, figs. 9.4; 9.5; 9.8 &
p. 101, figs. 9.19; 9.36; 9.37).
Central to the discussion on mortar mixers is also
whether they were introduced to replace human labour
by animal labour. This is very likely because oxen or
mules would have been necessary for the transport of
the mobile builders and their materials to and from
the construction sites anyway. Also, the apparatus of
a mortar mixer is removable and could be taken
along to and reassembled for the next building project.
There is one early medieval site with clear archaeologi-
cal evidence for the use of an animal: at Bamburgh Cas-
tle in the North of England Brian Hope-Taylor
documented hoofprints of oxen (Kirton and Young
2012). So far, there are no sites with archaeological evi-
dence for humans turning the rake.
For mobile craftsmen work conditions and
resource situations at new sites could differ severely
from their places of origin. Important factors in this
pioneer situation were the lack of skilled human
workforce and language barriers; at the same time in
regions with lower population density natural
resources like wood, water, sand, and limestone
would be less contested.
For Müstair, we assume that the builders of the Car-
olingian monastery and the Ottonian Planta tower
came from Lombardy, also because Como, the sup-
posed early centre of the Comacine masters, is not
far from Müstair geographically. This means that the
Figure 4. Distribution of medieval mechanical mortar mixers in Europe: 1 Thier d’Olne, BE; 2 Wellin, BE; 3 Aesch-Saalbünten, CH; 4
Basel, CH; 5 Disentis, CH; 6 Dornach, CH; 7 Embrach, CH; 8 Lenzburg, CH; 9 Müstair, CH; 10 Sissach, CH; 11 Zürich-Üetliberg, CH; 12
Zürich-Münsterhof, CH; 13 Zürich-Lindenhof, CH; 14 Aichach-Friedberg, DE; 15 Aulendorf, DE; 16 Bärenthal, DE; 17 Corvey, DE; 18
Ellwangen, DE; 19 Herrieden, DE; 20 Hildesheim, DE; 21 Kirchheim/Teck, DE; 22 Mainhausen-Zellhausen, DE; 23 Mönchengladbach,
DE; 24 Reichenau, DE; 25 Schuttern, DE; 26 Grenoble, FR; 27 Seclin, FR; 28 Brina, IT; 29 Donoratico, IT; 30 Miranduolo, IT; 31 Monte
Amiata, IT; 32 Montemassi, IT; 33 Pavia, IT; 34 Säben/Sabiona, IT; 35 San Vincenzo al Volturno, IT; 36 Vaiano, IT; 37 Posen/Poznań, PL;
38 Wiślica/Wiesling, PL; 39 Bamburgh, GB; 40 Dunbar, GB; 41 Duxford, GB; 42 Eynsham, GB; 43 Leighton Buzzard, GB; 44 Monkwear-
mouth, GB; 45 Newcastle upon Tyne, GB; 46 Northampton, GB; 47 Wallingford, GB. (Illustration: ADBS P. von Holzen/S. Lehner based
on data provided by S. Hueglin).
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working conditions would differ only regarding the
shorter periods for building at the high altitude of Müs-
tair – c. 1250 m above sea-level – and likely also regard-
ing the limited availability of skilled workforce. What
would have been similar on the other hand would be
the properties of the raw materials; here we think
especially of the dolomitic lime with its specific
durability.
The Comacine Masters are a confraternity of
builders, later mainly of stonemasons, which were
instrumental in medieval and early modern sacred
architecture. They are also exemplary as mobile
craftsmen with their supposedly Lombard origin
and their association with the town of Como in
northern Italy. It has been argued that the name
“Magistri Commacini” – as they are called in Latin
– might be based on the word “machina” and that
their name derives rather from “magistri cum mac-
china” (masters with machines) than from the town
of Como. At later periods, when there are more
groups of builders around which are called after
their place of training or origin like the Maestri Tici-
nesi it is likely that the term “magistri commacini”
was seen and used solely with a geographical conno-
tation (Salmi 1971).
1.3. Application of plaster for visibility?
With a mortar mixer, large amounts of mortar can be
produced within a short time. This is not needed
when building one wall or for repair works, but rather
when constructing a big complex from scratch, pouring
mortar floors, or plastering large surfaces. So far only at
very few sites within Europe comparisons have been
made between mortar samples taken from mixers
with mortars from buildings nearby. Data are available
for St Peter church, Monkwearmouth, United King-
dom (Cramp and Daniels 2005), for Castello di Donor-
atico, Italy (Bianchi 2011), and the fortified settlement
Miranduluo, Italy (Valenti 2008; Causarano 2011). In
all these three cases the materials from the mortar mix-
ers were used as plaster. In both Italian examples from
Tuscany, the plaster was used on the outside of a cir-
cumference wall.
Miranduolo is an especially striking example: here
the outside of a wooden palisade was plastered between
AD 850 and AD 1000 even before the building inside
was re-erected in stone (Figure 6). This had several
effects: the wooden fortification appeared to be from
stone, it was more resistant to fire, and the white plaster
made the architectural element much better visible
from afar. At other sites, the peripheral positions of
mortar mixers – like for example at the Kaiserpfalz
Zurich-Lindenhof or Poznan cathedral (Gutscher
1981) –make it likely that they were used in the context
of constructing fortifications.
For France around AD 1000, this phase of outside
renovation has been described by Rodulf Glaber, a
monk and chronicler, as the landscape being clad
“in a white mantle of churches” (Glaber transl. by
France 1989). Some of the mortar mixers might
have helped to restore a bright and new appearance
Figure 5. St Johann church, Tubre/Taufers, Italy, ca. AD 1218–1230, wall painting in the former pilgrims’ quarters showing mortar
preparation (left: man with shovel) for fresco painting (right: the painter’s head and hand with brush preserved only in the margins)
(Photo: S. Hueglin, October 2017, by permission of Tubre/Taufers municipal administration).
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of substantially older structures just in time for the
turn of the (first) Millennium. We will have to come
back to this interpretation, when we discuss the
results for Müstair’s Planta tower in the Ottonian
period.
1.4. Mortar mixers at Müstair monastery: from
large to small – from one to many
At Müstair monastery all mortar mixers cluster in an
area northeast of the monastery (Figure 7). Only in
the early building phases mortar mixers seem to have
been used and there is a great difference between the
type and the numbers used in each period (Table 1).
The earlier device P541 measures ca. 3.5 m in diameter
(Figure 8). As an archaeological feature, it consists of a
circular pit approx. 42 cm deep, with a central posthole.
The use level for the pit is still preserved, so the exca-
vated depth is probably close to the original one. The
central post had a diameter of approx. 24 cm. The bot-
tom of the pit was flat and covered with wooden
boards, the walls of the pit were stiffened with wattle
work. These features can be deducted from impressions
in the lime that had seeped through gaps in between
the floorboards and wattle work to fill the cavities
below and behind them. The volume of the pit can
be estimated at approx. 2 m3 or 2000 L.
Liquid lime percolating through the gaps between
the floorboards indicates that here in a first step lime
wash could have been prepared by wet slaking and
only in a second step mortar by adding sand. As the
use levels around mortar mixer P541 are covered
with a layer containing sand and mortar, it is unlikely
that only lime wash produced.
After the first phase of use, the floorboards of the
mortar mixer were removed, which could explain
why there is no mortar layer left at the bottom of the
pit. Sometime afterward, the mixer was re-used. A
new floor of wooden boards was put in, and a new woo-
den delimitation of the pit walls was put in place. This
could have consisted of wooden boards rather than
wattle work, but the surviving impressions do not
allow a clear interpretation. The posthole was also re-
used, which shows that during the hiatus between the
two phases the rotating mechanism had been removed.
In contrast, the four, possibly five, later mortar mix-
ers – P027, P031, P445, P532, and P544 – are smaller
and measure only about 2–3 m in diameter (Table 1
and Figure 9). Also, these mixers were constructed
differently: the bottom of the circular pit was not cov-
ered with wooden boards, and no traces of a stabilis-
ation of the walls of the pit have been found.
Probably because of the lack of floorboards, in all
four mixers, a crust of mortar covers the bottom of
the pit. The archaeologists who excavated the mixers
described the sand and mortar inside the mixers and
around them as “polenta”-coloured, and suggested
that the sand may have been extracted from the layers
of soil which are present underneath the construction
site since it shows great similarities to that material.
In two cases, concentrical circular grooves about
3 cm deep and max. 6 cm wide attest of a turning
Figure 6. Reconstruction drawing of Miranduolo, phase VI, Tuscany, Italy. Mortar from mixer was used to plaster a wooden palisade
in the 9th/10th century AD (Illustration: Studio Inklink – Università di Siena, from Valenti 2008, 175, fig. 76).
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mechanism with wooden rakes protruding into the
mixture. In the case of the mortar mixer P532, three
different layers of mortar could be identified. In each
layer, the distances between the concentric grooves
differ indicating that for each phase another rake had
been used. This mixer was considerably larger than
the other three and is the latest of this second phase
stratigraphically. The mixers P027, P031, and P445 –
with a diameter of ca. 190 cm were approx. 30 cm
deep. They would have had a capacity of 0.68 m3 or
Table 1. List of archaeological remains of mechanical mortar mixers at Müstair Monastery and their different phases.
Mortar mixer
(Position-No.)
Description according to archaeological excavation diary (TB 137), database and Neukom
(2019)
Associated with
phase
Mortar
sample(s)
P541, phase I Shallow pit, ca. 30–40 cm deep, diameter ca. 3.20–3.40 m; on the bottom traces of N-S
running planks 25–25 cm wide and central posthole
Carolingian I 18630?,
18750
P541, phase II In the same pit as phase I, using the same central posthole; traces of a second layer of planks;
negatives of small vertical posts with round, half-round and square section are remains of a
wattle that secured the cylindrical sides
Carolingian I –
P541, pit fill Remains of mortar mixer phase II have almost been totally removed before the pit was
refilled; the fill is covered by clay layer P388
Carolingian I 18616,
18735
P027 Mortar disc with central posthole, ca. 26 cm deep, diameter ca. 1.90 m; underneath mortar
mixer P031, cut by ditch P244, north and south and contemporary with P027 is sand
deposit P025
Carolingian II or
Ottonian (III)
11061,
15628-2
P031 Mortar disc with central posthole, diameter ca. 1.90 m; on top of mortar mixer P027 Carolingian II or
Ottonian (III)
15624
P445 Mortar disc with central posthole, diameter ca. 1.90 m; cuts through mortar layer P443 and
sand deposit P025
Carolingian II or
Ottonian (III)
17424
P532, phase I Shallow pit, diameter ca. 3 m, central posthole ca. 20 cm deep with inserted stone plate,
wedge stones, earth and straw; two turning grooves on the surface of the yellowish mortar
Carolingian II or
Ottonian (III)
18597-2
P532, phase II Mortar of second phase is greyish and contains many pebbles; it has three turning grooves on
the surface; southeast of the mortar disc are 10 small postholes possibly remains of a border
from wattle and daub
Carolingian II or
Ottonian (III)
18550-2?
P532, phase III Mortar layer of final phase flows out of the pit and connects with surrounding mortar layer
P443
Carolingian II or
Ottonian (III)
–
P544 Shallow pit in sand layer P025; only documented as section, not excavated; likely remains of a
mortar mixer
Carolingian II or
Ottonian (III)
–
Figure 7. Development of Müstair monastery from ca. AD 770 to ca. AD 1000. In the Carolingian phase I the church and the convent
(dark blue) were erected. Later – the exact date of this Carolingian phase II is being debated – the Loggia Building, the so-called
“Arkadenbau” (light blue), was added on the inside of the southern courtyard. The Planta Tower (purple) north of the church is
dated by dendrochronology to AD 960 is the main construction activity In the Ottonian phase III. The black lines indicate the current
dimensions of the monastery. First results of this paper might necessitate to change the colour of the small mortar mixers north of
the Planta Tower to light blue as they share very specific characteristics with the mortars from the “Loggia Building” but not with
the ones from the Planta Tower (Illustration: Bureau Sennhauser, Zurzach, with modifications by P. Cassitti).
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680 L. In the case of the mortar mixer P532, which had
a diameter of approx. 3 m, and a maximum depth of
about 24 cm, the estimated volume is 1.67 m3, or
1696 L.
When assessing the different characteristics of the
mortar mixers, their context must be considered. The
mixer P541 likely was used during the Carolingian
period for the construction of a large monastery
which is comparable in size to the largest known mon-
asteries of the time, such as the monastery at Reichenau
at Lake Constance, Germany (Zettler 1988) or San Vin-
cenzo al Volturno, in Molise, Italy (Hodges 1993).
Since the area around the monastery and inside the
church has not been completely excavated, the exist-
ence of other mixers cannot be excluded. The mortar
mixer P541 is placed strategically just beyond the
Figure 8. Detail plan of Carolingian phase I with the situation of mortar mixer P541 in line with the north end of the passage
between convent (bottom left) and church (bottom right) (Illustration: Foundation Pro Monastery St. John, Müstair: W. Fallet
1996, from excavation documentation diary TB 137, Skizze 27).
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north end of the passage between church and convent.
This would have allowed it to serve both construction
sites – the church and the convent – equally well and
with the shortest distances of transport even when
they were nearing accomplishment.
The five smaller mixers P027, P013, P445, P532 and
P544 so far have been stratigraphically linked to the
construction of the so-called Planta Tower P270 (cf.
Figure 9), a defensive structure much more modest in
size. The mortar mixers partly overlap and were there-
fore used sequentially but stratigraphically they all
belong to the same period. These layers are cut by a
defensive ditch P304 that protects the tower from the
Northwest together with a palisade P451/P244 (cf.
Figure 9. Detail plan of the later phase with the situation of the Ottonian Planta Tower P270 and the mortar mixers P027, P031,
P445, and P532 on the berm between palisade P451 and ditch P304. The Carolingian church and convent persist while features
belonging to the Carolingian construction phase I north of the church are covered by clay layer P521. The results of this project
might necessitate to reassess the archaeological correlation of the small mortar mixers as the composition of their mortars
differ significantly from that of the Planta Tower bedding mortars (Illustration: Foundation Pro Monastery St. John, Müstair:
W. Fallet 1996, from excavation documentation diary TB 137, Skizze 28).
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Figure 9). The remains of mortar mixers – there might
have been more – are preserved on the berm between
palisade P451/P244 and ditch P304.7
For the masonry at Müstair huge volumes of mortar
would have been needed. Exact quantities have not yet
been estimated but systematic documentation of his-
toric masonry buildings in various Italian regions has
shown that the percentage of mortar in cavity walls
varies between 12 and 36% of the total volume
(Binda and Saisi 2001). When applied to Müstair,
and specifically the 1.5 m wide walls of the Planta
tower, it would mean that in the best of cases (12%
mortar in the walls), the fill of one of the smaller mor-
tar mixers would be enough to construct a portion of
the wall approx. 2 m long and 2 m high. The circumfer-
ence of the Planta tower is approx. 50 m, the height
approx. 19 m. The walls taper towards the top, and
because of the slanted roof not all walls have the
same height, but even without an accurate calculation,
it becomes clear that far more than a hundred mortar
mixer fills would have been needed, in the best of
cases, to erect the Planta tower. Therefore, the smaller
size of the group of small mortar mixers, as compared
to the earlier big one, cannot solely be attributed to the
different size of the two building projects, since in both
cases the amount of mortar needed was so large that an
increase in the size of the mortar mixers would have
been beneficial.
In order to better understand the mortar mixers in
context with their respective construction phases, mor-
tar samples from the mixers were characterised petro-
graphically and compared to samples from the
Carolingian monastery and the Planta tower
2. Analytical and petrographic data of
mortars from Müstair Monastery
2.1. Studying mortar production at Müstair –
scientific methodology
According to the RILEM Technical Committee
(Lindquist and Sandström 2000) mortars are
defined as a combination of inorganic binders – gyp-
sum, clay, lime, or cement – with water and aggre-
gates. This basic recipe has created surprisingly
large compositional variations of historic mortars,
with great geographic, spatial, and functional differ-
ences. The important implications of the study of
mortars and plasters can be inferred from their
definition (UNI 10924 standard, 2001): as artificial
stone materials they have similar behaviour to natu-
ral stones, but their structural and textural features
are acquired through a technological process. There-
fore, many scientific studies have recognised that the
analysis of mortars can support archaeological and
technological research in architectural contexts with
objective data (Elsen et al. 2004; Lugli, Marchetti,
and Caroselli 2013). The characterisation of historic
mortar is not as simple as it might appear and each
methodology, chemical, mineralogical, petrographic
or physical, cannot provide a comprehensive charac-
terisation on its own. Nevertheless, the petrographic
approach has demonstrated its potential to provide
the greatest quantity of information (Elsen 2006).
So far, of ten archaeological samples from the mor-
tar mixers eight were used to make thin sections for
petrographic analysis; in one case from one sample
two thin sections were prepared (18630-3 and
18630-4). Petrography is a powerful analytical
method to analyse mortars, enabling the identification
of the mineral phases and to ascertain whether these
minerals are present as part of the aggregate or the
binder, a fundamental differentiation for interpret-
ation. Polarised Light Microscopy (PLM) on thin sec-
tions was carried out for mineralogical and textural
analysis; a Zeiss Axioskop 4.0 PLM was used and
micrographs were acquired with a digital camera,
and processed with the software Axiovision (Zeiss,
release 4.5.1). The following features were observed
with the binder: structure, colour, birefringence, hom-
ogeneity; lime lump types, e.g. internal structures, and
their size. With the aggregate, these features were
studied: grain sizes, grain shapes, mineral and rock
types present; estimation of the grain size distribution;
additions and special features like e.g. brick grains or
grains of partly melted binder material, etc.; macro-
porosity: like retraction fissures, air pockets, and
water voids.
2.2. Results of the petrographic characterisation
of the Müstair mortar mixers – first phase
From the mortar mixer P541 five thin sections (18616,
18630-3, 18630-4, 18735, and 18750) were studied. The
results from petrography (Table 2) show that they are
all different and they cannot be grouped.
In particular, sample 18616 has the typical layering
and texture of a plaster: it is possible to recognise two
different layers, of which the one on top is mainly
lime. The binder shows a homogeneous clear beige
colour. The only binder related particle (BRP) is a
lime lump with darker radial phases. There is much
more binder than aggregate, which appears well
sorted with very fine, fine and medium grain sized
sands. The composition of the sand does not contain
any carbonate rock fragments but only gneiss, schists,
quartz, and feldspar in single crystals as well as micas
and dispersed very fine clay minerals. Despite the
scarce presence of aggregates, the porosity is low
with roundish shape.
Two thin sections – 18630-3 and 18735 – show
highly decayed material. Big and frequent secondary
porosity with recrystallization within pores can be
observed. These processes are very common in the
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Table 2. Results of the petrographic analyses of the mortar samples from the mechanical mortar mixers at Müstair monastery.
Mortar
sample
ID
Archaeological context
(stratigraphy) Phase Binder description
Binder
Related
Particles
Binder-
aggregate
ratio
Grain size and
sorting
Aggregate
composition Alteration Porosity Photomicrograph (xpols)
18616 Fill of mortar mixer pit
P541 (underneath clay
layer P521)
Carolingian I Homogeneous clear
beige colour
Only one
present
>>1 Vf = F=M
Well sorted
Maximum
Grain Size =
4 mm
Fragments of gneiss,
schists, quartz,
feldspar, micas
no Low, roundish
shape
18630-3 (Fill of mortar mixer pit
or?) Mortar mixer P541,
first phase (underneath
clay layer P521)
Carolingian I Homogeneous
completely
recrystallized
Frequent
and large
NA M = C
Not well
sorted
Maximum
Grain Size =
6 mm
Fragments of gneiss,
schists, quartz,
feldspar, dolomite,
limestone, micas
Recrystallization and
very high secondary
porosity
Very high,
irregular
shape
18630-4 (Fill of mortar mixer pit
or?) Mortar mixer P541,
first phase (underneath
clay layer P521)
Carolingian I Homogeneous clear
beige colour
Frequent >1 Vf = F = M
Well sorted
Maximum
Grain Size =
7 mm
Fragments of gneiss,
schists, quartz,
feldspar, dolomite,
limestone, micas
No Medium:
roundish
and
irregular
shape
18735 Fill of mortar mixer pit
P541 (underneath clay
layer P521)
Carolingian I Homogeneous
completely
recrystallized
Frequent
and large
NA M = C
Not well
sorted
MGS = 6 mm
Fragments of gneiss,
schists, quartz,
feldspar, dolomite,
limestone, micas
Recrystallization and
very high secondary
porosity
Very high:
roundish
and
secondary
(Continued )
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Table 2. Continued.
Mortar
sample
ID
Archaeological context
(stratigraphy) Phase Binder description
Binder
Related
Particles
Binder-
aggregate
ratio
Grain size and
sorting
Aggregate
composition Alteration Porosity Photomicrograph (xpols)
18750 From centre of mortar
mixer P541
Carolingian I Heterogeneous clear
and dark beige
Present 1:1 Vf = F=M = C
Not well
sorted
MGS = 1 cm
Fragments of gneiss,
schists, dolomite,
limestones, quartz,
feldspar, micas
Recrystallization of
calcite in pores
Medium-low
11061 Sole of mortar mixer P027
(under mortar mixer
P031)
Carolingian II
or Ottonian
(III)
Heterogeneous, with
clear and dark
beige phases
Frequent 1:1 M = C
Not sorted
MGS = 6 mm
Fragments of gneiss,
schists, quartz,
feldspar, micas
Recrystallization and
secondary porosity
Medium-high
15628-2 Mortar mixer P027 (under
mortar mixer P031)
Carolingian II
or Ottonian
(III)
Heterogeneous, dark
colour
Scarce >1 F = M=C
Not sorted
MGS = 8 mm
Fragments of gneiss,
schists, quartz,
feldspar, micas
Recrystallization of
calcite in pores and
in the binder
Medium-high
15624 Mortar mixer P031 (on
mortar mixer P027)
Carolingian II
or Ottonian
(III)
Heterogeneous, with
clear and dark
beige phases
Very
frequent
>>>1 M = C
Sorting NA
MGS = 4 mm
Gneiss, schists,
quartz, dolomite
(only 1, maybe
burned)
Secondary porosity
and recrystallization
Medium:
roundish
and
secondary
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case of buried structures that have been in prolonged
contact with water. The degradation patterns make
comparison with the other Carolingian samples of
the monastery difficult because the aggregate-binder
percentage and the high porosity are not due to the
production technique but to events that occurred at a
later stage. The sand is in both mortars of medium
and coarse grain size, not well sorted. But while in
the sample 18630-3 there are many carbonates, in the
sample 18735 it is possible to observe only siliceous
rocks and fragments of bricks that have reacted with
the mortar binder.
The sample 18630-4 looks completely different. In
this case, the sand is well sorted with very fine to med-
ium grain size and is composed of fragments of meta-
morphic rock such as gneiss and schist together with
limestone, calcite, and fine dispersed micas in signifi-
cant quantity.
Sample 18750 contains sand rich in carbonates and
clay minerals, not well sorted, in which all the grain
sizes are present. The binder-aggregate ratio is almost
1:1. The binder has a heterogeneous clear and dark
beige appearance with frequent BRP. The porosity is
medium to low, and frequent recrystallization of calcite
in pores can be observed.
2.3. Results of the petrographic characterisation
of the Müstair mortar mixers – second phase
Four mortar samples (11061, 15628-2, 15624, and
17424) from three – P027, P031, and P445 – of the
altogether five mortar mixers of the later phase were
also characterised (Table 2). They are all composed
of dolomitic lime binder, with a heterogeneous aspect
with clear and dark beige phases. In most of these
samples the BRP – both underburned and lime
lumps – are frequent to very frequent, only for
15628-2 they are scarce. The sand component is not
sorted and consists of fine, medium, and coarse grain
sizes. The composition is homogeneous in all the
samples analysed: they contain fragments of gneiss
and schists as well as quartz, feldspar, micas, dispersed
very fine clay minerals and iron oxides. The porosity is
medium to high and the voids show irregular shapes in
some cases they are partially filled with recrystallised
secondary calcite.
The samples from the three mortar mixers of the
later group form a homogeneous group. These results
are quite unexpected because here all mortars were
made with sands that do not contain any carbonates
while only two mortars from the Planta Tower show
similar characteristics. Indeed, the mortar represented
by the samples 21713 and 23622 were made with
sand that contains fine dispersed clay minerals and
iron oxides but no (or very few) carbonates. Sample
21713 comes from the Planta Tower north wall P1 of
the while 23622 comes from the east wall P87. In17
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contrast, all the other bedding mortar fragments from
the Planta tower studied so far show sands which are
very rich in carbonates (Figure 10). These samples
were taken from different walls and different heights
and 13 of them were newly made from earlier Planta
Tower core drillings (Rück 1996).
Furthermore, two painted plasters with red colour,
taken from the Planta Tower, were characterised. The
sample 23639 from the 3rd floor contains more binder
than aggregate and is made with sand of all grain sizes
not sorted that also contains carbonate. The other
painted plaster 22813 is different because it was made
with fine sorted sand and is very rich in binder.
3. Discussion
3.1. First phase with one mortar mixer
The petrographic analysis of the samples from mor-
tar mixer P541 shows that most of the mortar frag-
ments come from a secondary context and do not
represent mortars that were produced in the mortar
mixer. Nevertheless, according to stratigraphy these
fragments were deposited in the first Carolingian
phase and are separated by the clay layer P388
from the second construction horizon with the five
mortar mixers.
The plaster sample 18616 from the fill of mortar
mixer P541 is surprisingly similar to sample 9158.
This sample comes from a stratigraphic unit (called
phase 0 in Table 3) that contained fragments of painted
plaster deposited during the construction process of the
monastery. The origin of these plaster fragments is still
a matter of debate: they could have belonged to a pre-
existing structure destroyed before the construction of
the Carolingian monastery. Therefore, it is possible
that fragments from demolished previous buildings
were used to fill and cover the mortar mixer when it
was no longer used at the end of the construction of
the monastery. The same could apply to sample
18630-4 because it is very different from the samples
attributed to the Carolingian phase so far analysed
(Caroselli et al. 2019).
The other mortar samples found inside the mortar
mixer had characteristics in general compatible with
the fragments of Carolingian bedding mortar studied.
The bad state of conservation of two of them and
their different characteristics both with regard to
their composition and their texture do not allow to
associate them with specific buildings. These fragments
could be the remains of unused mortars from the con-
struction site as well as the remains of mortar produced
in the mixer.
Therefore, it is not possible to say for what purposes
the first large mixer was used nor to specify the charac-
teristics of the mortars produced with this machine.
However, the remnants of lime on the bottom and
the side of the pit which preserve the impressions of
floorboards and wall linings show that the lime was
liquid enough to percolate through the cracks in the
floorboards and the wattle work on the side of the
pit. This could indicate that in this case a wet-slaking
process was carried out using already slaked, liquid
lime for the production of the mortar.
3.2. Later phase with five mortar mixers
These samples were taken from thick crusts of mortar
still adhering to the bottom of the structures P027,
P031 and P445 and can, therefore, be attributed to
the production of mortar. The homogeneous charac-
teristics found in all the analysed samples mean that
they were built and used most likely in the same period
and for the same purpose. This confirms the strati-
graphic observations made by archaeologists.
In these samples, many lime lumps and reaction
edges between binder and aggregate could be observed
which is due to the heat developed during the slaking of
the lime. Therefore, the mortar mixer-samples appear
to be the result of a hot lime technology and the mortar
mixer of the second phase could have been used to mix
quicklime, water, and aggregate. Frequent re-crystalli-
zation of the binder in these samples is likely to be a
result of prolonged burial in a humid environment.
The different sizes and construction types of the
mortar mixers of the second phase when compared
Figure 10. Photomicrograph with crossed polars of bedding mortar samples from the Planta tower; they are all characterised by
sands rich in carbonates and dolomites with different grain sizes: (a) sample 23601; (b) sample 23622; (c) sample Mu_PT1 (Photos:
SUPSI M. Caroselli).
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to the one from the first phase – which was consider-
ably larger and had lined floor and walls – could there-
fore possibly be attributed to a different method of
mortar production: the mixing of sand and lime wash
in the large one, and that of sand, lime and water in
the smaller ones. As the second mixture contains
more solid ingredients, it would have required more
strength to mix and therefore could have prompted
the smaller size. This hypothesis would need to be
tested further experimentally.
A result of the mortar analysis is that the majority of
mortar samples from the Planta Tower shows different
characteristics and is not compatible with those of the
mortarmixers.Therefore,mostof themortarof thePlanta
Towermust have been produced elsewhere. This necessi-
tates looking for other possibilities for which the second
phasemortar mixers could have been used.
The samples of the mortar mixers – P027, P031, and
P445 – show a warm colour (yellow-brownish) due to
iron oxide content, also frequent in the lime lumps,
together with the presence of sand composed almost
exclusively of silica sand with a high content of dis-
persed fine clay minerals. The archaeologists who exca-
vated the mortar mixers noted a similarity with the
material of naturally deposited layers underneath the
construction site and suggested that the material was
taken by digging up these layers. The absence of car-
bonates in the aggregate supports this theory as the
stream which formed the alluvial fan on which the
monastery stands does not carry carbonatic material
(Caroselli et al. 2019). However, these characteristics
were also found in the plasters and the painted plasters
of the “Loggia building” (Caroselli et al. 2019), a part
of the monastery built and decorated in a second Car-
olingian phase between 800 and 900 AD (Figure 7,
inside first Carolingian courtyard). The current
archaeological interpretation which links the later
group of mortar mixers to the construction of the
Planta Tower might have to be revised. The archaeo-
logical stratigraphy shows that they were constructed
and filled in before completion of the Planta Tower, as
they are covered by the use levels of the tower. It is
also certain that they are younger than the completion
of the monastery, as they cut through its use levels.
Therefore, it is possible that they were used in the
erections of the buildings attributed to the phase
“Carolingian II”, which includes the “Loggia Build-
ing”, and that their date may have to be revised.
This possibility will be the subject of a specific, closer
investigation in the future.
4. Concluding remarks
At Müstair, what regards the use of mortar mixers we
see the change from one large device to several smaller
ones and finally the abandonment of mechanical
Table 3. Number of samples selected for SNF-project per mortar types and construction phases at Müstair Monastery, Switzerland.
In the focus of this paper are the construction phases I-III as during their time mechanical mortar mixers seem to have been on use
(bold = thin sections prepared of total number of samples provided (in brackets); arrows indicate where provisional period
allocation of mortar mixer samples with phase III (Ottonian) might have to be reconsidered as they show similarities with
mortars from phase II (Carolingian II). The absolute dates of the phases are partly based on scientifically or historically verified
dates related to construction or destruction events at Müstair Monastery.
Type
Phase
0 I II III IV V VI VII Total
Plaster –
–
12
(21)
1
(2)
0
(4)
6
(8)
5
(5)
13
(19)
1
(2)
38
(61)
Painted plaster 1
(1)
3
(23)
1
(8)
1
(1)
0
(3)
0
(18)
8
(12)
– 14
(66)
Bedding mortar – 14
(24)
5
(12)
18
(18)
18
(18)
20
(20)
19
(25)
– 94
(117)
Foundation mortar – 4
(7)
– – 4
(4)
– 4
(6)
– 12
(17)
Mortar mixer – 4
(4)
– ← 4
(← 6)
– – – – 8
(10)
Fireplace mortar – 1
(3)
– – – 1
(1)
2
(4)
– 4
(8)
Water mortar – – 2
(2)
– – – – – 2
(2)
Floor mortar – 0
(12)
0
(2)
– 0
(3)
0
(1)
0
(5)
– 0
(23)
Total 1
(1)
38
(94)
9
(26)
23
(29)
28
(36)
26
(45)
46
(71)
1
(2)
172
(304)
Phase Historical period Calendar dates AD
0 pre-Carolingian before 775
I Carolingian I circa 775-785
II Carolingian II before circa 920
III Ottonian circa 957
IV Early Romanesque circa 1035
V Late Romanesque 12th century
VI Gothic 15th-16th century
VII Baroque 17th-18th century
STAR: SCIENCE & TECHNOLOGY OF ARCHAEOLOGICAL RESEARCH 319
devices for the preparation of mortar altogether. The
comparison between the samples from the mortar mix-
ers and the samples from specific building phases has
proved to be challenging.
In the case of the earlier big device – that archaeol-
ogists associate with the building of the Carolingian
church and convent – the much-decayed state of the
samples from the mortar mixer as well as the presence
of secondary material has inhibited the direct corre-
lation between the mortar mixer and specific entities
of construction. On the other hand, the construction
of the device and the traces it left seems to indicate
that mortar could have been produced here through
the mixing of wet-slaked lime and sand.
The second phase with five smaller mortar mixing
devices has yielded samples that can be associated
with the preparation of lime mortar possibly by using
quicklime in the so-called hot-mixing process. This
later group of mortar mixers used to be associated –
based on stratigraphy and reasons of sheer proximity
– with the construction of the Ottonian Planta Tower
but only two of the bedding mortar samples from
this building show the aggregate characteristics – i.e.
the lack of carbonate sand components – that would
allow to correlate them with the samples from the
second phase of mortar mixers. A comparison with
samples from the second Carolingian period has indi-
cated that they could belong to this earlier building
phase because they show the same composition of
sand and a similar brownish colour due to clay and
iron oxides.
These results must be viewed as preliminary and
need further substantiation because to date two
samples from another second phase mortar mixer
P532 have not been studied petrographically. Further-
more, the macroscopic and petrographic study of
whole categories from the periods in question is still
missing (Table 3): these are the samples of plasters
from the outside of the Planta Tower, and the floor
mortars from both Carolingian building phases.
There are several other questions regarding the mor-
tar mixers that remain open and will need to be tackled
further by an experimental approach. For example, it
seems not to be possible to discriminate mechanically
mixed mortars from the ones produced by hand on a
macroscopic or microscopic level. Also, there is no
indication at Müstair whether the devices were driven
by humans or animals.
In Müstair can be observed what happens through-
out Europe: in the later Middle Ages, mortar pro-
duction is almost solely done by hand like in Roman
or earlier times. After the turn of the first millennium
AD the numbers of known mortar mixers are in
sharp decline (Hueglin 2011, Fig. 11). One of the
reasons might be that from 1200 onwards stone build-
ing became much more widespread also for profane
architecture and that with increasing population
human workforce became more readily available and
specialisation on building sites increased. Industrialis-
ation in the nineteenth century brought mechanical
mortar mixers back now driven by motors and today
they have almost completely replaced manual
preparation.
Notes
1. https://cordis.europa.eu/project/rcn/188138/
reporting/en
2. http://p3.snf.ch/Project-169411
3. Boschetti-Maradi (2005) describes the Carolingian
mortar mixer P541 on p. 15f and the Ottonian mortar
mixers P027, P031, P445, P532 on p. 16. He does not
list mortar mixer P544, which is only mentioned in the
excavation diary (TB 137, pp. 154; 164–165) as a
further possible mortar mixer of the Ottonian period;
it was not further excavated or sampled.
4. See also distribution map and list in Hueglin/Cassitti
in print.
5. The Roman province Pannonia was located in what
today would be eastern Austria, western Hungary
and northern Croatia among other states.
6. From the context and the Latin term becomes clear
that Bede does not mean stonemasons but builders
which can erect mortared – and possibly plastered –
stone walls. So Latin “cementarius” would ideally be
translated with the German term “Maurer” and not
with ‘Steinmetz’.
7. A detailed stratigraphic analysis has been done by
Hans Neukom (2019).
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